to be an Na+-dependent enzyme, and later work by O'Brien and Stern (11) demonstrated that anaerobic growth of this strain of K. aerogenes on citrate was also Na+ dependent. This has been confirmed by Wilkerson and Eagon (18).
The anaerobic metabolism of citrate by Aerobacter indologenes (1) and Klebsiella aerogenes (2) proceeds via a cleavage of citrate to oxalacetate (OAA) and acetate, followed by the decarboxylation of OAA to pyruvate. The OAA decarboxylase in K. aerogenes NCTC 418 was shown by Stern (15) to be an Na+-dependent enzyme, and later work by O'Brien and Stern (11) demonstrated that anaerobic growth of this strain of K. aerogenes on citrate was also Na+ dependent. This has been confirmed by Wilkerson and Eagon (18) .
The pathway of aerobic metabolism of citrate by K. aerogenes, however, is not as clearly defined as in the case of anaerobic metabolism. Dagley and Dawes (3) were inclined to the view that citrate oxidation occurred via the citric acid cycle, since they observed little formation of pyruvic acid and an increased formation of a-ketoglutaric acid under aerobic conditions. Formation of pyruvic acid was characteristic of anaerobic growth and was presumed to arise from decarboxylation of OAA. Stern (15) suggested that metabolism of citrate may have been mediated via the fermentation pathway even in cells grown aerobically. He based his conclusions on the finding that aerobic cells contained citrate lyase and OAA decarboxylase but not aconitase.
In a study of citrate transport by Enterobacter aerogenes UGa-1, Wilkerson and Eagon (17) concluded from tracer experiments that aerobic metabolism of citrate by this strain in an Na+-free medium took place via the citric acid cycle. They criticized Stern's conclusions on the grounds that the cells he had used were proba-bly grown under aerated rather than aerobic conditions and that these conditions would lead to the induction of the enzymes of the fermentation pathway. Both Wilkerson and Eagon (17) and Villareal-Moguel and Ruiz-Herrera (16) failed to detect citrate lyase in aerobically grown strains of K. aerogenes.
O'Brien and Stern (12) showed that aerobic growth of strain NCTC 418 on citrate was stimulated by Na+, although it was not essential for growth. They concluded, from enzymic studies, that metabolism of citrate under aerobic conditions in the absence of Na+ proceeded via the citric acid cycle and in the presence of Na+ proceeded via the fermentation pathway.
The conflicting views on aerobic metabolism of citrate and the unusual requirement for Na+ shown by K. aerogenes NCTC 418 have stimulated a re-investigation of citrate metabolism by this organism.
MATERIALS AND METHODS
Growth of the organism. K. aerogenes NCDO 711 (identical to strain NCTC 418) was grown on the Na+ citrate and K+ citrate medium described by O'Brien and Geisler (9) . Anaerobic cultures were grown in 1-liter bottles filled to capacity, using medium rendered anaerobic by the addition of sodium dithionite. For growth experiments under aerated and herobic conditions the growth vessel described by O'Brien and Morris (10) was used. Aerated conditions (maintained throughout the growth period) are defined as those in which no oxygen tension could be detected in the culture even though the culture was aerated. The concentration of dissolved oxygen was recorded on a Heath-Built Servo Recorder model EU-20B using a Clark-type oxygen electrode (Titron Industries, Victoria, Australia). The pH and Eh of the culture were measured with a Pye-Unicam model 292 pH meter using conventional pH and platinum electrodes. For aerated cultures the rate of air flow was adjusted to maintain a zero oxygen tension. For both aerated Na+ and K+ citrate cultures the air flow ranged from 75 to 120 ml/min. For aerobic cultures the rate of air flow was adjusted to give a dissolved oxygen tension of 50 to 100 ,M.
The growth temperature for all cultures was 35 C. Growth was monitored by measuring the absorbance Qf the culture at 680 nm using a Unicam SP 600 spectrophotometer, and the dry weight of organisms was determined from a calibration curve obtained by drying samples at 100 C. Samples of the culture were clarified by centrifugation in a bench centrifuge and were stored at -20 C until analyzed for citrate and acetate. At the end of the growth periods shown in Fig. 1 and 2 , the cells were harvested by centrifugation at 16 ,000 x g for 15 min at 5 C and were stored at -20 C for 16 h.
Preparation of cell extracts and enzyme assays. The frozen cells were thawed in 6 ml of 0.05 M tris(hydroxymethyl)aminomethane-chloride buffer, pH 7.4, and extracts were prepared according to the procedure of O'Brien and Geisler (9) .
Citrate lyase (EC 4.1.3.6) was assayed by the spectrophotometric procedure of O'Brien and Geisler (9) and by the discontinuous procedure of O'Brien and Stern (11) . OAA decarboxylase (EC 4.1.1.3) was assayed by the procedure of O'Brien and Geisler (9) and was corrected for malate dehydrogenase and nicotinamide adenine dinucleotide (reduced form)-oxidase activities and for the non-enzymic decarboxylation of OAA. The enzyme was also assayed by measuring the formation of pyruvate from OAA according to Stern (15) . a-Ketoglutarate dehydrogenase (EC 1.2.4.2) activity was determined according to Kaufman (7) . Spectrophotometric assays were performed at 25 C using a Unicam SP 800 A spectrophotometer.
Other assay procedures. Citrate and acetate in the spent culture liquor were assayed according to the procedures of Stern (14) and Rose (13), respectively. Protein was measured by the biuret method using bovine plasma albumin as a standard.
Chemicals and enzymes. Substrates, cofactors, and enzymes used in the assay procedures were obtained from Sigma Chemical Co., St. Louis, Mo. All other chemicals were of reagent grade.
RESULTS
Growth studies. Anaerobic growth of K. aerogenes occurred only on the Na+ citrate medium (Table 1) . No anaerobic growth was observed on K+ citrate medium even after 48 h. The molar growth yield under anaerobic conditions was 9 g (dry weight) of cells per mol of citrate utilized. Assuming a value of Y adenosine 5'-triphosphate of 10.3 (5), this indicates a yield of approximately 0.9 mol of adenosine 5'-triphosphate per mol of citrate fermented, which is consistent with the expected yield of adenosine 5'-triphosphate if fermentation was effected via citrate lyase and OAA decarboxylase.
K. aerogenes grew on both Na+ citrate and K+ citrate medium under aerated conditions (Fig. 1) . The rate of air flow through the cultures was continuously controlled so that they were just poised at a zero dissolved oxygen tension and was the same for both the Na+ and K+ cultures. Despite the fact that the air flow was the same in both cultures, the Eh of the aerated Na+ citrate culture fell to a lower value than the Eh for the K+ citrate culture (Table 1) . This can probably be attributed to the fact that citrate utilization in the Na+ culture was greater than in the K+ culture (Fig. 1) , and hence more metabolites would be excreted into the medium. The rate of growth of the organism under aerated conditions was faster on the Na+ citrate medium (Fig. 1) (mean generation time, Fig. 1 ). The results in Table 2 show that, as expected, aerobic growth was more efficient than aerated growth. Thus, the mean generation time for aerobic cultures was less than for aerated cultures, and the molar growth yield of aerobic cultures was approximately 50% higher than for aerated K+ citrate cultures and approximately 300% higher than for aerated Na+ citrate cultures. Enzyme studies. To maintain a correlation between growth and metabolism, the cultures used in the growth studies were harvested and cell extracts were prepared from the cells. The extracts were assayed for citrate lyase, OAA decarboxylase, and a-ketoglutarate dehydrogenase. These enzymes may be considered as the key ones in determining the pathway for the metabolism of citrate (11, 12) . The other enzynies of the citric acid cycle (excluding a-ketoglutarate dehydrogenase) have been detected in both anaerobic and aerobic cells of K. aerogenes (11, 12) and were therefore not assayed in the present study. The results of the enzyme assays are shown in Table 3 . The values quoted for all enzymes were those obtained by the spectrophotometric assay methods.
Cells grown under anaerobic conditions contained citrate lyase and Na+-dependent OAA decarboxylase, but not a-ketoglutarate dehydrogenase. Under aerobic conditions the reverse situation pertained, i.e., citrate lyase and OAA decarboxylase were absent and a-ketoglutarate (1, 2) , the spent culture liquors were analyzed for this metabolite to determine whether it was excreted by the aerated Na+ citrate cultures. Samples taken at the time of inoculation and at the time of harvesting of the cells were assayed for acetate (13) . Acetate was detected in the anaerobic and the aerated Na+ citrate medium but not in the aerated K+ citrate or aerobic Na+ citrate and K+ citrate. At the time of harvesting of the anaerobic culture the acetate content was 55.0 Asmol/ml for a citrate utilization of 33.3 ,umol/ ml. These results are similar to those obtained by Brewer and Werkman (1) . In the aerated Na+ citrate culture the excretion of acetate was 62.5 jmol/ml for a citrate utilization of 51.0 MmoI/ml. On the basis of these figures, it appears that approximately 75% of the citrate was metabolized via the fermentation pathway and 25% was metabolized via the citric acid cycle. These values would give a molar growth yield of 13.4 for the aerated Na+ citrate, and this corresponds closely to the value of 13.8 shown in Table 2 . (18) . In the case of these last two strains, the Na+ had no effect on growth but caused an increase in the lag phase. Citrate uptake and growth of E. aerogenes PRL-R3 were unaffected by Na+ up to 0.15 M concentration (18) .
Enzymatic analysis of extracts prepared from cells grown aerobically on either the Na+ or K+ citrate medium yielded the same result, namely, the presence of a-ketoglutarate dehydrogenase and the absence of citrate lyase and OAA decarboxylase. The failure to find citrate lyase in other strains of K. aerogenes grown aerobically has been reported by other workers (16, 17) . Since all of the other enzymes of the citric acid cycle have been found in aerobic cells (12) , it may be presumed that citrate oxidation in the presence or absence of Na+ is effected via the citric acid cycle. This finding agrees with the same conclusion drawn by Wilkerson and Eagon (17) on E. aerogenes UGa-1.
Under aerated conditions the organism exhibited two distinct growth patterns. In the presence of Na+ growth was faster than in the presence of K+, but the molar growth yield was considerably lower, indicating that in the presence of Na+ growth was less efficient. This difference in growth patterns was also paralleled by a difference in the enzymiL corimposition of the cells. Thus, aerated Na+ citrate cells possessed the fermentation enzymes as well as a-ketoglutarate dehydrogenase, whereas the aerated K+ citrate cells were devoid of the former but possessed the latter enzyme. Thus, it appears that the faster, but less efficient, growth of the aerated Na+ citrate cultures can be attributed to the operation of both pathways at the same time. Since one of these pathways is a fermentative one, a lower growth yield would be expected for the aerated Na+ citrate culture than for the aerated K+ citrate culture and, in fact, was observed. A similar situation appears to exist in Salmonella typhimurium when grown aerobically on citrate (8) .
Further evidence for the operation of the fermentation pathway under aerated conditions is indicated by the excretion of acetate by the aerated Na+ citrate cells, but not by the aerated K+ citrate or aerobic citrate cells. Measurement of acetate excretion and the molar growth yield indicated that aerated Na+ citrate cells metabolized about 75% of the citrate via the fermentation pathway and the remainder via the citric acid cycle.
The molar growth yields measured by O'Brien and Stern (12) in their earlier studies were 20.0 for Na+ citrate cultures and 24.1 for K+ citrate cultures. These are of the same order as that observed for aerated K+ citrate cultures but considerably lower than those measured on the aerobic cultures used in this study. Therefore, it seems that the cultures used by O'Brien and Stern (12) were in fact aerated and not aerobic and that the criticism of Stern's work (15) by Wilkerson and Eagon (17) was probably justified. If this assumption is correct, then the present experiments contrast with those of O'Brien and Stern (12) . They found that aerated Na+ citrate cells metabolized citrate solely via the fermentation pathway since no a-ketoglutarate dehydrogenase was present in the cells. However, if this were truly the case, a molar growth yield of considerably less than 20.0 should have been observed. With aerated K+ citrate cells they found that citrate was apparently catabolized solely via the citric acid cycle, as observed in this study. However, contrary to this report, they found that the fermentation enzymes were induced but the pathway was inoperative due to a lack of Na+ needed to activate the OAA decarboxylase.
